Ethylene is a gaseous signal sensed by plants and bacteria. Heterologous expression of the ethylene-forming enzyme (EFE) from Pseudomonas syringae in cyanobacteria leads to the production of ethylene under photoautotrophic conditions. The recent characterization of an ethylene-responsive signalling pathway affecting phototaxis in the cyanobacterium Synechocystis sp. PCC 6803 implied that biotechnologically relevant ethylene synthesis may induce regulatory processes that are not related to changes in metabolism. Here, we provide data that indicate that endogenously produced ethylene accelerates the movement of cells towards light. Microarray analysis demonstrates that ethylene mainly deactivates transcription from the csiR1/lsiR promoter, which is under the control of the two-component system consisting of the ethylene-and UV-A-sensing histidine kinase UirS and the DNA-binding response regulator UirR. Surprisingly, ethylene production triggers a very specific transcriptional response and only a few other smaller transcriptional changes are detected in the microarray analysis.
INTRODUCTION
Using micro-organisms for the production of various chemicals has a long-standing history in biotechnology. However, the use of phototrophic micro-organisms, like eukaryotic microalgae and cyanobacteria, to couple photosynthetic CO 2 fixation to the synthesis of biotechnologically useful compounds emerged during the last decade and has developed rapidly since then. Cyanobacteria are widely used as host strains because as prokaryotes they can be easily engineered to produce a plethora of different chemicals, such as ethanol, isobutanol, 1-butanol, propane or isoprene, to name but a few (reviewed in [1] ). Several attempts have also been made to produce ethylene by cyanobacteria. Ethylene is a petroleum-derived raw material for the chemical industry that is in great demand in the global market [2] . Heterologous expression of a codon-optimized gene encoding the ethylene-forming enzyme (EFE) from Pseudomonas syringae pv. phaseolicola was successfully implemented in several cyanobacterial strains for the production of ethylene [3] [4] [5] [6] . Despite the fact that much effort has been put into enhancing ethylene production by using different promoters, various cyanobacterial strains, different gene constructs and growth conditions, ethylene production by cyanobacteria is still negligible compared to its production in non-photosynthetic organisms [2] . Attempts to increase the concentration of the EFE substrate, 2-oxoglutarate, also failed to lead to higher production rates [5] . Detailed analyses of the production process under highly controlled conditions led to the assumption that ethylene synthesis is only partly linked to photosynthetic processes [4] . Thus, the bottleneck of this reaction in cyanobacteria has not been identified yet. The highest ethylene production rates so far were achieved recently through modification of the TCA cycle combined with partial deletion of the transcription factor NtcA [7] .
Apart from being a potential biofuel, ethylene is an important gaseous plant hormone, and is also known as the fruitripening hormone. In plants, it regulates several developmental processes, such as flowering, stress responses and fruit development [8] . Although ethylene is naturally produced by plants and various bacteria, ethylene production by cyanobacteria has very rarely been shown [9, 10] . In contrast, ethylene sensors that show homology to plant ethylene receptors have been identified in several cyanobacterial genomes [11, 12] . The model cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) senses and responds to externally applied ethylene [10, 13] . The processes regulated by ethylene are principally motility, biofilm formation, sedimentation and cellular fatty acid content. In addition, externally applied ethylene stimulates the growth of Synechocystis cultures [10] . The Synechocystis ethylene sensor SynEtr1 [13] is combined with a light-sensing cyanobacteriochrome module and a histidine kinase domain, and therefore is also known as the UV-A sensor UirS [14] . Recent analyses established this sensory protein as a multifunctional part of a two-component system [15] regulating the phototaxis of Synechocystis. Incubation of Synechocystis cells with externally supplied ethylene enhanced the maximum distance moved by cells towards a light source, whereas UV-A light inhibits positive phototaxis and promotes the movement of cells away from the light source [13, 14] .
Here, we performed phototaxis assays for a recombinant EFE-expressing Synechocystis strain. Consistent with the observations made before in response to externally supplied ethylene, we found that the intracellular production led to improved phototactic movement. Moreover, we performed whole-genome transcript profiling of the ethylene-producing strain and revealed specific transcriptional changes that can be ascribed to the function of the ethylene sensor SynEtr1/UirS and the response regulators UirR and LsiR as parts of the two-component system. Apart from these specific direct effects of ethylene, only a few other transcripts were affected by the heterologous metabolic pathway, suggesting that transcriptional regulation is not the bottleneck for ethylene production.
METHODS

Growth conditions and phototaxis assays
Wild-type and ethylene-producing strains were grown in BG11 medium supplemented with 10 mM TES buffer (pH 8.0) and 10 mM NaHCO 3 in Erlenmeyer flasks at 30 C under continuous illumination (Philips TLD Super 80/840) with 50 µmol photons m À2 s À1 of white light. For the selection and maintenance of the ethylene-producing strain, streptomycin (10 µg ml
À1
) and gentamycin (5 µg ml À1 ) were added to the medium. Phototaxis assays were performed on BG11, which was solidified with 0.5 % Kobe I agar (Roth, Germany) and supplemented with 10 mM TES, 1 mM NaHCO 3 and 0.2 % glucose as described [16] . The cells were suspended in BG11, spotted on plates and incubated in non-transparent boxes with a one-side opening, resulting in about 5 µmol photons m À2 s À1 white light intensity in the boxes for 2 days. If indicated, 1 mM IPTG was added to trigger EFE expression. Microscopic phototaxis assays were performed on 0.3 % BG11 agarose plates supplemented with the same compounds given above. Motile cells were scraped from macroscopic phototaxis plates and resuspended in BG11 containing 1 mM IPTG. Then 2 µl droplets were spotted on the plates and covered with a coverslip after 15 min. The plates were incubated in the dark for 3 h and then illuminated unidirectionally with 10 µmol photons m À2 s À1 from a red LED for 30 min. Subsequently, single cells were tracked for 5 min at a frame interval of 3 s.
Mutant construction
The efe gene of Pseudomonas syringae pv. phaseolicola PK2 was codon-optimized and synthesized together with the lambda oop terminator sequence at the 3¢end of the gene and NdeI and PstI restriction sites for subcloning (GenArt, Regensburg, Germany) (for the sequence see Fig. S1 , available in the online version of this article). The respective DNA fragment was ligated into the self-replicating plasmid pVZ325, a derivative of pVZ321 [17] containing an additional spectinomycin/streptomycin resistance gene cassette from the pRL277 vector [18] . The efe gene was fused to the P tac/lacI promoter (including a ribosome-binding site) using the SalI and NdeI restriction sites. The tac promoter region was amplified from the pGEX-6K-1 vector (accession no. U78872.1) along with the lacI repressor gene and the LacI operator region, resulting in a 2142 bp DNA fragment. The constructed plasmid was transferred into the motile Synechocystis sp. PCC 6803 wild-type 'PCC-M' [19] via conjugation. A strain containing an empty vector served as a wildtype control.
Quantification of ethylene accumulation
A Shimadzu GC-2010 (Shimadzu Deutschland GmbH, Duisburg, Germany) equipped with a flame ionization detector and a gas chromatography column [CP Al 2 O 3 , 25mÂ0.53 mm, 10 µM film (SGE GmbH, Griesheim, Germany)] was used. The analysis was performed isothermally at an oven temperature of 50 C with a constant flow of the carrier gas nitrogen of 4.72 ml min À1 and a split ratio of 5. The inlet temperature was 100 C. The detector had a temperature of 120 C. Samples were taken with a gas tight syringe through the septum of the culture vessels. Then 200 µl of the gas sample was injected manually into the GC. The glass vessels used for the ethylene production assay were gas-tight GC vials with a diameter of approximately 1.5 cm and a total capacity of 20 ml. The vessel was filled with 2 ml culture suspension (BG11) with an optical density at 750 nm of approximately 2. The headspace volume was enriched with CO 2 to a final concentration of 11 % (v/v). The light intensity was set to~100 µmol photons m À2 s
À1
and the cells were constantly mixed by stirring with a magnetic bar (length: 1 cm). At several time points gas samples were taken from the headspace of the culture vessel and analysed by gas chromatography.
Transcriptional analyses
Cells of 10-25 ml culture were rapidly filtrated through a Supor-800 filter (pore size 0.8 µm, diameter 47 mm; Pall Life Sciences, Michigan, USA), immediately dissolved in 1.0-1.6 ml PGTX solution [20] and frozen in liquid nitrogen. RNA isolation, Northern blot and microarray analyses were performed as described [21] . Probes for Northern blot hybridization were generated either by in vitro transcription of PCR fragments from the T7 promoter in the presence of [a-32 P]UTP using the T7 polymerase Maxiscript kit (Ambion) or by labelling DNA fragments with [a-32 P]dCTP using the Rediprime II DNA labelling system (GE Healthcare Life Sciences). Signals were detected and analysed on a phosphor imager (Typhoon FLA 9500, GE Healthcare Life Sciences).
The raw microarray data were processed and evaluated statistically using the open-access R software for statistical computing (http://www.r-project.org/) as described previously [22] . The transcript features were separated into mRNAs, antisense RNAs (asRNAs), non-coding RNAs (ncRNAs), 5'UTRs and transcripts derived from internal transcriptional start sites (int). The full list of fold changes is given in Supplementary Table S1 and a visualization is provided in Supplementary Data Set S1. The full microarray raw dataset described in this study is accessible from the GEO database under accession number GSE102251 (Table S2) .
RESULTS AND DISCUSSION
Generation of an ethylene-producing Synechocystis strain Ethylene production was established in Synechocystis by introducing the efe gene from Pseudomonas syringae under control of the P tac promoter from Escherichia coli. Potential regulation of this promoter by IPTG was achieved by introducing the lacI gene and a lacI operator sequence into the same plasmid. In order to verify IPTG-inducible efe expression in the recombinant pVZ325-P tac efe strain we performed a Northern blot analysis. The control strain harbouring an empty plasmid and the pVZ325-P tac efe strain were grown without IPTG (time-point 0) to an OD 750nm of about 1, and then 1 mM IPTG was added to the cultures and the cells were harvested at different time points after induction. As expected, no efe transcript was detected in the control strain (Fig. 1) . However, in the recombinant pVZ325-P tac efe strain the efe gene had already been transcribed prior to IPTG induction. Nevertheless, a further increase of efe mRNA accumulation was detected within 1 h after the addition of IPTG, reaching a maximum after approximately 4 h (Fig. S2) . Based on the Northern blot analysis, an approximately fourfold higher efe mRNA accumulation was detected compared to the basal transcript level. Longer induction times up to 48 h led to a decrease in efe transcript accumulation (Fig. 1) .
In order to evaluate ethylene production, samples were taken from the headspace of the culture vessel and analysed by gas chromatography. The basal level at non-inducing conditions was about 250 µl ethylene L À1 OD 750 À1 after 5 h. After the addition of IPTG ethylene production increased, reaching a concentration of about 1.5 ml ethylene L
À1
OD 750
À1 after 5 h. Peak productivity of about 500 µl l À1 OD 750
À1
h À1 was reached 3 h after IPTG treatment. Thus, Northern blot as well as gas chromatography analyses demonstrate that, in the strain pVZ325 P tac efe, ethylene production could be increased by the addition of IPTG. Our observed rates are two to three times higher than the ethylene production rates reported when using a similar expression system [5, 6] , but about five times lower than the highest production rate demonstrated so far [7] . The whole-cell absorption spectra measured for the ethylene producer and wild-type strains showed only very small differences in the phycocyanin-to-chlorophyll ratio (Fig. 2 ) and no effect of ethylene production on growth of the cultures was detected (not shown).
Effect of internal ethylene production on motility
Recently, Lacey and Binder [13] demonstrated that ethylene affects the motility of Synechocystis cells. A mutant lacking the ethylene-binding transmembrane domains of the ethylene-sensing histidine kinase SynEt1 exhibits increased motility towards light. The same effect can be achieved by the incubation of wild-type cells on agar plates with 1 µl L À1 ethylene. In order to test the effect of internally produced ethylene on motility we performed phototaxis assays comparing the behaviour of the ethylene producer with that of a control strain. Cells were spotted on agar plates and subjected to unidirectional white-light illumination in the presence of ITPG for 2 days. Wild-type as well as ethyleneproducing cells moved directionally towards the light source with the latter ones reaching a higher maximum distance and a higher number of cells moving generally (Figs 3a and  S3) . The same effect of ethylene production on motility was observed in the absence of IPTG. This suggests that the low amount of ethylene produced under non-inducing conditions is able to activate the ethylene-responsive system. In order to exclude the possibility that the faster movement of ethylene-producing cells was due to a slightly different wildtype background (e.g transposon insertion or the accumulation of mutations due to selection for motility), conjugation of wild-type cells was performed independently at least three times and clones were subjected to phototaxis assays in comparison to the respective wild-type culture. Ethylene production always enhanced the maximum distance moved by the cells towards light. Thus, our data support previous results [13] that demonstrated that exogenously applied ethylene affects the phototaxis of Synechocystis cells.
To further analyse the cause of the accelerated motility of the ethylene producer, we conducted microscopic singlecell tracking assays. The cells were spotted on 0.3 % agarose plates and illuminated with a unidirectional red-light LED. Interestingly, wild-type cells and the ethylene producer displayed a comparable overall cell motility of 0.14 ±0.04 and 0.13±0.04 µm s
À1
, respectively, with a comparable fraction of motile cells. However, a larger fraction of ethylene-producing cells was oriented towards the direction of illumination after 5 min. To visualize this effect, we evaluated the orientation of cells with respect to the light source after 5 min of tracking and conducted a Rayleigh test of uniformity (Fig. 3b) . After 5 min 53 % of the ethylene-producing cells were oriented within an angle of 30 towards the light source. By contrast, only 43 % of the wild-type cells showed the same orientation.
Furthermore, a larger fraction of wild-type cells displayed a negative orientation compared to the ethylene producer (Fig. 3b) . The mean resultant lengths from a Rayleigh test of r efe 0.78 and r wild-type 0.65 confirmed a more pronounced directionality in the movement of the ethylene producer. Thus, microscopic single-cell tracking revealed that ethylene-producing cells do not move faster than the wild-type, but that the movement is rather more directed towards the light source (Fig. 3b) .
Microarray analyses revealed specific transcriptional changes in response to ethylene production Initially, we performed a microarray analysis of the ethylene-producing strain compared to the wild-type to identify possible bottlenecks of ethylene production. We have shown significant ethylene production under non-inducing conditions, which also affected motility. Therefore, we compared the control strain with the efe-expressing strain 4 h after IPTG addition, when the efe transcription and ethylene production rate were highest (Fig. 1) . However, only 32 protein-coding genes showed a change in transcript abundance, of which 21 showed decreased transcript levels, with lsiR (slr1214) at the top of the list (Table 1) . Consistently, CsiR1 (SyR14, NC-425 [23] ), which represents a distinct small RNA (sRNA) co-transcribed with lsiR, was the most decreased feature (Fig. 4a and Table 1 ). Transcript accumulation of CsiR1 was reduced by a factor of 8 in the mutant in comparison to the wild-type. The CsiR1 sRNA is part of a so-called actuaton, which is defined as a class of mRNAs originating by read-through from a sRNA [24] . Importantly, the sRNA accumulates as a discrete transcript, but also serves as the 5¢UTR of the downstream-located mRNA encoding the gene lsiR (Fig. 4) . Moreover, we verified the altered transcript accumulation of CsiR1 in the ethylene-producing strain by Northern blot analysis (Fig. 5a ). We observed three distinct bands, with RNA isolated from the wild-type, which hybridized to the CsiR1 probe. These signals were strongly reduced in the ethylene producer at all time points after the addition of IPTG. Fig. 5(b) verifies that CsiR1 accumulation is already strongly affected by IPTG before efe induction, suggesting that CsiR1 expression is very sensitive to low levels of ethylene.
Previously, it was shown that the multifunctional sensor SynEtr1/UirS activates the response regulator UirR by phosphorylation in response to UV-A light [15] . Phosphorylated UirR then induces expression of the downstream transcriptional unit consisting of the small regulatory RNA CsiR1 and the gene encoding the CheYlike PATAN domain response regulator LsiR (see Fig. 4 ). Furthermore, it was shown that LsiR is required for negative phototaxis away from UV-light by a so far unknown mechanism [14] . Our microarray analyses support the idea (see Fig. 6 for a model) that ethylene either added externally or produced endogenously directly inhibits the signal transduction chain induced by the multifunctional sensor SynEtr1/UirS. This leads to inactivation of the Fig. 3 . Production of ethylene accelerates motility. (a) Synechocystis cells were spotted on agar plates containing IPTG and illuminated unidirectionally with white light. A strain carrying an empty vector was used as an isogenic wild-type control. A higher percentage of cells in the ethylene-producing colony were motile and they migrated further. Cells carrying an empty vector moved more slowly than the wild type, possibly due to an effect known as plasmid burden. (b) Single-cell motility analyses of wild-type and ethylene-producing cells. Synechocystis cells were spotted on agarose plates and illuminated with a unidirectional red LED. The movement of the ethylene-producing strain was directed more towards the light source than the wild-type (the original wild-type was used here). The mean resultant path-length from a Rayleigh test (r) of the ethylene producer is significantly higher than that of the wild-type.
transcription factor UirR, which drives expression of the csiR1/lsiR transcriptional unit. Deletion of lsiR inhibits movement of cells away from UV-A light and consequently leads to positive phototaxis. In contrast, overexpression of LsiR leads to negative phototaxis, even under red light [14] . In our study LsiR expression was reduced due to inactivation of the transcriptional activator UirR by ethylene production. Thus, we suggest that the stronger positive phototaxis response induced by ethylene is due to a reduced abundance of the CheY-like response regulator LsiR under these conditions. The data on the single-cell tracking of moving cells shown in Fig. 3(b) support this conclusion. In the wild-type, approximately 15 % of individual cells showed a negative phototaxis response, whereas only 8 % of ethylene-producing cells moved away from the light source. It seems that abundance of LsiR is Table 1 . Transcriptional changes in the ethylene-producer strain pVZ325-P tac efe compared to wild-type 4 h after IPTG induction
The values are given as log 2 fold changes and are regarded as significant if the log 2 value is À1 or !1 and the the respective P value is <0.05. Please note that the microarray used in this study contains several independent probes for each gene. For protein-coding genes the fold change represents the mean of all probes covering the respective coding region. For non-coding RNAs only one value for a representative probe is shown. The values for all of the probes are listed in Table S1 . Chr., chromosome; NA, not annotated. the key factor for the decision of the cell to move towards or away from a light source. Phenotypic heterogeneity in bacterial populations due to stochastic fluctuations in gene expression seems to be a common strategy in bacteria [25] . The observed faster migration of the ethylene producer on agar plates can be explained by the more directed movement of most cells in the colony.
Importantly, other transcripts were shown to be affected by ethylene production to a lesser extent. Among these were several downregulated mRNAs encoding unknown proteins located on the pSYSA plasmid around the CRISPR 3 locus and a phosphate-responsive operon pstSCAB, which is upregulated in the ethylene producer. In contrast to the study by Lacey and Binder [13] , which used a SynEtr1 mutant for the analyses, as well as externally applied ethylene, no differences were observed in the transcript accumulation of genes encoding pili components or genes possibly involved in biofilm formation in our study. These authors incubated cells by the circulation of 1 µl L À1 ethylene during the experiments, which is a lower concentration than was reached by internally produced ethylene in our experiments. This explains why the low basal ethylene production under non-inducing conditions in our study is sufficient to affect phototaxis. But it does not explain the differences in transcript accumulation between the two studies. However, Lacey and Binder [13] isolated RNA from cells from motility plates after directional illumination, whereas in our study cells were grown in liquid medium. It is very likely that these differences in growth conditions can differentially affect the expression of genes involved in surface behaviour. In our transcriptional analysis the sRNA NsiR4 was also slightly upregulated. This sRNA is highly induced in response to nitrogen limitation and regulates the expression of the glutamine synthetase inactivation factor 7 post-transcriptionally [26] . However, in our analysis no other genes that usually respond to nitrogen limitation were differentially regulated. As sRNAs are believed to allow a more rapid response of the cells to various stresses compared to classical protein-based transcriptional factors, the marginal effect of ethylene production on the accumulation of NsiR4 might hint at the beginning of a nitrogen imbalance in the producer cells.
Conclusion Surprisingly, ethylene production had no major effect on the transcriptome, which would have helped to identify the bottlenecks in the production of this gaseous compound or possible stress situations due to substrate limitation. Instead, we have shown that ethylene production by a genetically engineered cyanobacterium can induce very specific changes in the transcriptome, suggesting that internally produced ethylene could act as a signalling molecule, as in plants. Indeed, it has been shown that Synechocystis wildtype is able to produce very low amounts of ethylene under specific conditions [10] . Many bacteria, including cyanobacteria, contain genes that encode putative ethylene-binding proteins [13] . The specific transmembrane domains predicted to bind ethylene are very often fused to signalling domains such as GAF, PAS, GGDEF, histidine kinase and response regulator motifs in bacteria. This supports the idea that ethylene could act as a signalling molecule across kingdoms. Among the non-phototrophic organisms, ethylenebinding domains are mainly found in proteobacteria, which are known to live in non-pathogenic associations with plants, such as Azospirillum, Methylobacteria or different species of Pseudomonas. In the group of cyanobacteria, species harbouring putative ethylene-binding domains mainly belong to the group of filamentous strains.
Nevertheless, the natural source of ethylene that can be sensed by cyanobacteria is unknown. In addition, the natural role of accelerated positive phototaxis, as well as growth stimulation [10] in response to ethylene, remains enigmatic. Several Pseudomonas species are attracted by ethylene [27] . Interspecies signalling would be quite conceivable in mixed biofilms and in association with plants. Plant cyanobionts usually differentiate heterocysts and short, motile filaments, called hormogonia. Nostoc punctiforme, which is one of the best studied cyanobionts in plant symbiosis, contains three putative ethylene sensors [13] . Although Synechocystis does not fix nitrogen and usually does not perform symbiotic interactions, it was shown to be able to establish symbiosis with Paramecium bursaria [28] . In addition, Synechocystis cells can form biofilms in the laboratory [29] , suggesting that this species is a natural biofilm-forming species. Lacey and Binder [13] also proposed the idea that Synechocystis uses abiotic ethylene levels as an environmental signal because they may vary with light and depth in the water column.
Our transcriptomic data support the model proposed by Ramakrishnan and Tabor [15] in which the two-component system UirS (SynETR1)-UirR controls the csiR/lsiR promoter. In contrast to UV-A light, which activates transcription, ethylene inactivates the system, leading to lower Fig. 6 . The UV-A-and ethylene-sensing two-component system controls positive phototaxis in Synechocystis. UV-A light, absorbed by the cyanobacteriochrome domain of the histidine kinase, leads to autophosphorylation. The phosphate is transferred to the DNA-binding response regulator UirR, which activates transcription from P csiR1 , driving expression of the lsiR gene. The PATAN domain CheY-like response regulator LsiR inhibits positive phototaxis, resulting in negative phototaxis away from UV-A light. Ethylene inhibits this response, leading to reduced lsiR expression and acceleration of positive phototaxis. The scheme is based on data from [13] [14] [15] and this work.
transcription of the target. The lsiR mRNA encodes the PATAN domain response regulator LsiR that is involved in directional control of phototaxis. Expression of this response regulator (e.g. by UV-A light or by artificial overexpression) leads to negative phototaxis, whereas deletion results in positive phototaxis, even under conditions in which the wild-type shows negative phototaxis. Thus, lower expression of LsiR in response to ethylene promotes positive phototaxis, leading to faster movement towards light. According to the hypothetical model [30] , LsiR and other CheY-like PATAN domain response regulators act competitively through a common target to activate pilus assembly at one side of the cell. This response seems to depend on multiple environmental factors in order to ensure optimal conditions for growth.
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